Here, we report on the spatial and temporal variation in sulphate-reducing bacterial community structure and activity in three hypersaline coastal pans. Community structure was determined using denaturing gradient gel electrophoresis (DGGE). Cluster analysis of DGGE patterns indicated that similar microbial populations were generally found in individual pans but varied from one pan to the other. Sulphate reducing bacteria (SRB) were quantified by competitive polymerase chain reaction based on the amplification of the dsrAB genes. Cell numbers and in situ sulphate reduction activities varied between seasons and pans but in general showed low variation in depth. Sulphate reduction activity was not correlated with microbial population size indicating that community composition is relevant for specific microbial processes. Principal component analysis coupled with correlation analyses suggested that salinity, sulphate concentration, C/N ratio and pH were the most important factors in explaining variations in SRB community composition. Most sequences derived from DGGE amplicons belonged to members of the Desulfobacteraceae and Desulfohalobiaceae families.
Introduction
Sulphate reducers use sulphate as an electron acceptor in anaerobic environments over the entire range of salt concentrations, from freshwater to hypersaline (Rabus et al., 2000) . Although sulphate reduction has been extensively studied, there are; however, only a handful of studies where sulphate reduction in extreme environments, including hypersaline systems, has been investigated Foti et al., 2007; Kjeldsen et al., 2007) . Moreover, the studies focus either on the microbial community structure or microbial activity. It is seldom where data are integrated to investigate if there is any correlation that exists between microbial community and their activity. From diversity studies we know that sulphate reducing bacteria occur in five distinct lineages: the archaeal genus Archaeoglobus and the bacterial divisions Firmicutes, Nitrospira, Proteobacteria and Thermodesulfobacteria (Castro et al., 2000) . Furthermore, the majority of SRB described are members of the δ-Proteobacteria and it is also in this class that most halophilic SRB are found. How the SRB are distributed or behave in situ in hypersaline conditions; however, is little known. Halophilic SRB isolates are known from the families Desulfohalobiaceae, Desulfonatronumaceae, Desulfobacteraceae and Desulfovibrionaceae. In addition, a halophilic species belonging to the Firmicutes has also been described (TardyJacquenod et al., 1998) . This distribution is reflected in diversity studies such as that carried out at Great Salt Lake (Kjeldsen et al., 2007) , where members of the Desulfohalobiaceae were dominant, but members of the Desulfobacteraceae were also detected in large numbers. In contrast, studies of deep hypersaline anoxic basins have shown that members of the Desulfobulbaceae (Daffonchio et al., 2006) Although sulphate reduction is energetically less favourable than nitrate, manganese or iron reduction, the relative abundance of sulphate, particularly in seawater, makes sulphate reduction one of the dominant anaerobic respiratory processes [Froelich et al., 1979; Goldhaber, 2003] . At hypersaline sites, evaporation of water creates favourable conditions for sulphate reducing bacteria, such as a concentrated supply of sulphate and decreased oxygen solubility. High rates of sulphate reduction (>6 μmol.cm -3 .day -1 ) have been measured in hypersaline sediment (Brandt et al., 2001) while rates of over 10 μmol.cm -3 .day -1 have been measured in hypersaline microbial mats (Canfield and Marais, 1993; Caumette et al., 1991; Jørgensen 1982) . As such, their activity has a profound impact on the geochemical evolution of specific environments. Geochemical signatures from such environment are often used for the interpretation of paleo-environmental conditions such as evolution of oxygen on Earth (Canfield et al., 2000) or for the understanding of global biogeochemical processes (Jørgensen 1982) . Given the global significance, a clear understanding of geo-microbe interaction is necessary and is best provided by integrated studies in modern systems.
Here we present results from an integrated microbiological and geochemical investigation of sulphate reduction under hypersaline conditions. The study was conducted at Darling salt pans (Western Cape, South Africa) building upon previous studies on geochemical evolution of the saltpans and the nature of in situ sulphate reduction (Porter et al., 2007; Sørensen et al., 2004) . The size and composition of the SRB community at the Darling pans were ascertained in order to gain a holistic view of sulphate reduction at these pans and to investigate any correlation between microbial community structure and their spatial geochemical signature.
Site Description
The Darling hypersaline pans are located 80km north of Cape Town, South Africa, 5-10km north to north-west of the town of Darling (Figure 1 ). This area lies on the semi-arid coastal lowlands of the Western Cape province. Average rainfall is 400-500mm per annum, occurring primarily during austral winter in the form of frontal rain. Summers are hot, dry and windy, resulting in arid conditions. The pans were estimated to have formed in the early Holocene, a time of climate change and lunette dune formation (Meadows and Baxter, 1999; . Salt accumulation is preceded by the evaporation and transpiration of coastal rainwater, which precipitates and concentrates salts in catchment soils. Heavy rainfall results in these salts being flushed from the soil and carried to the pan. In addition, some pans are fed by older groundwater (Smith and Compton, 2004 
Methods

Sampling and Storage
Seasonal sampling took place between over two years. A piston corer was used to obtain 12cm sediment cores from the Zwartwater B, Rooipan and Slangkop pans.
Cores were sectioned at 1cm intervals and frozen at -80°C. For the purposes of DGGE analysis, three sections were selected from each core on the basis of peaks and troughs in the sulphate reduction rate profile determined a priori in separate cores collected at the same time. In situ sulphate reduction rates (SRR) were determined in whole core incubations using a radiolabel technique as described in Porter et al., (2007) .
DNA Extraction
DNA was extracted from 0.1g wet weight of sediment using the bead-beating method of Miller et al., (1999) . Bead-beating was carried out using the FastPrep FP120 bead beating system (Bio-101 Inc., La Jolla CA, USA). DNA concentrations were determined on a Nanodrop ND-1000 spectrophotometer. DNA aliquots were stored at -20°C.
Competitive Polymerase Chain Reaction
SRB were quantified by competitive polymerase chain reaction (cPCR) using a method based on that of Leloup et al., (2004) . In order to construct the competitor plasmid, DNA extracted from sample ZB1 (summer) was used as the template in the PCR-amplification of dsrAB genes with the dsr-1F/4R primerset (dsr-1F: ACS CAC TGG AAG CAC G; dsr-4R: GTG TAG CAG TTA CCG CA; (Wagner et al., 1998) ). The amplification was performed on a DNA thermal cycler (Techne TC-312). An initial denaturation step of 3 min at 94°C was followed by 30 cycles of denaturation at 94°C (30s), annealing at 54°C (30s) and extension at 72° (2 min). The amplification was completed by a final extension step (72°C) of 3 min. The same amplification cycle was used to perform cPCR reactions.
PCR products were run on 2% agarose gels and the required band (~1900bp) cut out of the gel under UV light (365nm). DNA was extracted from the band using the GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare). Purified PCR products were cloned using the InsT/Aclone™ PCR Product Cloning Kit (Fermentas, Ontario, Canada). Recombinant plasmids showing inserts of the correct size were digested with BglII and BstEII to confirm the presence of the restriction sites used by Leloup et al., (2004) . One such plasmid was named pSG1 and used to construct the competitor plasmid pSGA as described by Leloup et al., (2004) .
Aliquots of each DNA sample were diluted to 4ng/μl. Amplification, calibration and determination of band intensity were carried out as per Leloup et al., (2004) , taking into account the masses of the respective plasmids (pSG1: 5.31x10 -18 g; pSGA:
4.75x10 -18 g). Determination of cell counts assume a dsrAB copy number of one per organism (Leloup et al., 2004) . Specific SRR were calculated by dividing SRR (Porter et al., 2007) by SRB community size.
Polymerase Chain Reaction for Denaturing Gradient Gel Electrophoresis
PCR of 16S rDNA for DGGE was carried out in duplicate using the δ-Proteobacteriaspecific primer 385F (CCT GAC GCA GCG ACG CCG with 5'GC clamp: CGC CCG CCG CGC GGC GGG CGG GGC GGG GGC ACG GGC; (Amann et al., 1995) ) and the universal bacterial primer 907R (CCG TCA ATT CCT TTR AGT TT; (Lane, 1991) ) on a DNA thermal cycler (Techne TC-312). A 1min initial denaturing period at 93°C was followed by a 15 cycle loop wherein the annealing temperature was decreased from 65°C to 58°C. One cycle consisted of a 30s denaturing step at 94°C, a 1min annealing step and a 45s extension step at 72°C. A second loop consisted of 20 cycles of a 30s denaturing step at 92°C, a 1min annealing step at 58°C and a 45s extension step at 72°C. The reaction was completed by a 5min final extension step at 72°C.
Oligonucleotide primers were synthesized by Integrated DNA Technologies, Inc.
Denaturing Gradient Gel Electrophoresis (DGGE) and Cloning
PCR products were analysed by DGGE on a 40 to 70% denaturing gradient.
Prominent unique bands were excised from the gel and washed twice in DNase-free water before being placed in TE buffer for 48h in order to elute the DNA. Purity of the bands was confirmed by re-amplification of the eluted DNA and re-analysis by DGGE. Eluted DNA was re-amplified, with PCR products being extracted, purified and cloned as described above. Clones containing the required insert (as determined by amplification with the 385F/907R primer set) were sequenced by Inqaba Biotec (Cape Town, South Africa). Alternatively, recombinant plasmids were purified with Plasmix Minipreps (Talent, Trieste) and sequenced at the DNA Sequencing Unit of the Department of Molecular and Cell Biology, University of Cape Town. The nucleotide sequences were deposited in GenBank (accession numbers EU394681 -EU394700).
Phylogenetic Analysis
Phylogenetic affiliations of the 16S rDNA sequences were determined using the BLAST program of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/blast; (Altschul et al., 1997) ). Sequences affiliated with taxa containing SRB were aligned with reference sequences using ClustalX v1.83 (Thompson et al., 1997) . Phylogenetic trees were constructed by the neighbourjoining method with Jukes-Cantor correction in the Phylowin program (Galtier et al., 1996) and visualised with TreeView v1.6.6. Bootstrap resampling was carried out with 500 replicates.
Statistical Analysis of DGGE patterns
DGGE bands were identified visually in Microsoft Windows Picture and Fax Viewer.
Brightness and contrast were adjusted as needed in order to clearly identify bands.
Bands were scored for relative density (0= absent; 5= most dense) and the scores collated into a data matrix. Statistical analysis of the data matrix was performed in Statistica v7.0 (Statsoft Inc.). Cluster analysis was performed by UPGMA and Ward's method, both with squared Euclidean distance. The data matrix was also used to carry out principal components analysis. Principal components contributing to 10% or more of the total variance were correlated against pH, salinity, sulphate concentration, alkalinity, H 2 S, organic carbon levels (C org ), δ 13 C org , C org :N, sulphate reduction rate (SRR), specific SRR and SRB community size. hypersaline pans (Rooipan and Zwartwater B) tended to cluster together. Principal components analysis (Table 2) followed by correlation analysis with geochemical parameters (Table 3) revealed few significant correlations with the first principal component. Sulphate concentration and organic carbon reactivity correlated to the same principal components in spring, summer and autumn, with salinity also correlating to these principal components in spring and summer.
Results
Competitive
Discussion
The general microbiology of hypersaline environments has been extensively studied.
For instance, many studies on the biogeochemistry and community composition of hypersaline microbial mats (Baumgartner et al., 2006; Decker et al., 2005; Fourçans et al., 2004; Sørensen, et al., 2004) and stratified communities within salt crusts (Oren et al., 1995; Sørensen, et al., 2004) have been reported. In addition, a number of novel species of halophilic SRB have been isolated (Caumette et al., 1991; Krekeler et al., 1997; Ollivier et al., 1994) . However, only few studies (Foti et al., 1997; Kjeldsen et al., 2007) have investigated the nature and activity of the sulphate-reducing microbial community.
The size of the SRB community at the Darling pans (1.9-9.7 x10 7 cells.cm -3 ) is similar to those measured at Great Salt Lake by Brandt et al., (2001) (Foti et al., 2007) . Furthermore, the measured community size at the pans is not significantly larger than what has been measured (2 x 10 5 -2 x10 6 cells.cm -3 ) in normal marine environments (Teske, et al., 1996) . The largest depth integrated (0-12 cm) community size at each pan was measured in summer and autumn, with a minima occurring in winters at all pans. The increase in community size in summer was mostly confined to increase in population in near surface samples when salt crust is at its thickest. In general the community size decreased slightly down-core with some profiles showing sub-surface maxima and stabilizing narrowly between 30 -40 x 10 6 cell cm -3 at bottom depths. The observed decrease was consistent with decrease in sulphate and labile carbon concentration. Foti et al., (2007) also observed a decrease in community size with depth, although section depths were larger than used here.
Each of the other two studies on hypersaline environments used different methods by which to enumerate SRB. While our study and that of Foti et al., (2007) used molecular PCR-based methods (competitive PCR and real-time PCR, respectively), Brandt et al., (2001) made use of a tracer-most probable number technique. The similarity in observed community size in each case may indicate that the accuracy of quantification using either of these methods may be similar. This is further evident in the similar range of SRR and specific SRR determined here (169-3180 nmol.cm -3 .day -1 and 4.5-58.8 fmol.cell -1 .day -1 respectively) and by Brandt et al., (2001) (363-6131 nmol.cm -3 .day -1 ; 5-70 fmol.cell.day -1 ).
The specific SRR values are close to what has been measured (3 -11 fmol.cell -1 .day -1 ) for sulphate reducers from normal marine environments under mesophilic conditions (Knoblauch et al., 1999) . For example, Kondo et al (2004) and Leloup et al (2004) both enumerated SRB in estuarine sediment using competitive PCR of dsrAB genes, and obtained specific SRR of 0.02-3.7 and 0.19-21.8 fmol.cell -1 .day -1
respectively. Calculated specific SRR at the salt pans varied with season with higher rates observed in winter. Interestingly this corresponds to rainy season that results in lower salinity. Furthermore, the highest depth integrated specific rates correspond to lowest measured depth integrated population size, and sulphate in each pan. We conclude that the microbial consortia at the pans are well adapted to high salt and are working under optimal conditions. Specific rates increase under stress and SRB have been shown to up-regulate components of the sulphate reduction pathway as part of a salt stress response (Mouné et al., 2003) . Although it has been shown that sulphate reduction occurs in situ at extremely high salinities (Foti et al., 2007; Porter et al., 2007) , strains isolated from hypersaline environments invariably show lower salt tolerance in pure culture and optimum growth occurs at salinities much lower than experienced in situ (Ollivier et al., 1991) . Thus in situ communities of SRB in hypersaline environments may be living under constant salt stress (Brandt et al., 2001) resulting in increased specific S R R . H o w e v e r , g i v e n t h e s i m i l a r i t y i n t h e c o m m u n i t y s i z e a n d s p e c i f i c S R R measured here compared to mesophilic normal marine environments, the salt stress may not be playing any significant role. Although the data available for specific SRR is extensive, different methods of varying accuracy have been used to determine SRR and SRB community size, complicating comparison of specific SRR data. Thus, in order to test this hypothesis, it may be necessary to study a number of hypersaline and normal marine environments using a standardised set of protocols.
The phylogenetic affiliations determined in this study show low sequence identities to cultured strains. For example, S10 and S13 cluster with members of the Desulfobulbaceae but share <90% identity. Similarly low sequence identities have been reported elsewhere (Mouné et al., 2003; Mussmann et al., 2005; Nakagawa et al., 2004] . If this is a real phenomenon, not a by-product of metagenomic sampling, then a large amount of diversity exists among SRB that has not yet been uncovered through culture methods. Evidently, several sequences obtained here with <90% similarity to cultured strains show 96-98% identity to clone sequences derived from other hypersaline sites (Eder et al., 2002; Minz et al., 1999) . These conclusions are based on the use of only 20 partial rRNA sequences and that due caution is necessary.
However, a similar phylogenetic distribution of sequences was obtained by Foti et al., (Foti et al., 2007) in a study of Siberian soda lakes. As in the present study, sequences clustered with "Desulfosalina propionicus" ( Desulfobacteraceae) a n d w i th i n t h e Desulfohalobiaceae, while one sequence was closest to Desulfobulbus. Although the Desulfobulbaceae are not commonly halophilic, Daffonchio et al., (2006) have demonstrated the presence of members of this family in deep hypersaline anoxic basins. The Desulfobulbaceae are mostly incomplete oxidisers of organic carbon, as are the Desulfohalobiaceae which are prominent in hypersaline environments.
In the present study, 6 sequences clustered with "Desulfovermiculus halophilus" (Beliakova et al., 2006) and Desulfohalobium utahense (Goldhaber, 2003) to the exclusion of other Desulfohalobiaceae sequences. These 6 sequences vary widely in their identity (88-96%) to the reference sequences, although it is also noted that 4 of these sequences share 97-98% identity with clone SB-45, amplified from hypersaline pond sediment (Minz et al., 1999) . Interestingly, each of the corresponding DGGE b an ds (Fi gure 4) f or th e m em bers of thi s cl uster are m ost i n ten se i n the l an es associated with surface or near-surface sediment at Rooipan, while M12 is most strongly associated with surface sediment at Zwartwater B, the other hypersaline pan.
Likewise, several members of the "Desulfosalina" cluster (see below; Figure 5 ) are most prominent at the middle depths (5-9cm) of the Rooipan and Zwartwater B samples. In terms of the geochemical data available (Table 2) , the environmental ranges of Desulfohalobiaceae and Desulfobacteraceae overlap extensively, with only sulphate concentration serving as a predictor of their distributions. However, these two families would need to be enumerated separately before formulating a hypothesis regarding spatial progression of SRB at the pans. Several of the obtained sequences clustered with "Desulfosalina propionicus" strain PropA in the family Desulfobacteraceae, isolated from Great Salt Lake (Kjeldsen et al., 2007) at a salinity of 270. Members of the Desulfobacteraceae oxidise organic compounds completely to CO 2 (Brenner et al., 2005) . It has been suggested (Oren et al., 1995) that bioenergetic considerations would preclude the complete oxidation of organic compounds at high salinity. However, acetate has been shown to be a preferred substrate for sulphate reduction at the Darling pans and to significantly increase SRR at some sites (Porter, 2007) . In addition, n-butyrate, which can only be used by complete oxidisers (Rabus et al., 2000) was also a preferred substrate in some cases. Foti et al., (2007) and Kjeldsen et al., (2007) noted the presence of large numbers of Desulfobacteraceae in hypersaline sediments. Members of the Desulfobacteraceae had been previously identified at hypersaline sites (Minz et al., 1999; Sørensen et al., 2004) but at lower salinities and as components of a microbial mat. At the Darling pans, sulphate is mostly in vast excess and organic carbon is limited and largely unreactive (Porter et al., 2007) . Thus, we suggest that it is beneficial to SRB to obtain the maximum energy available from the limited organic matter and that this is achieved by the complete oxidation of organic compounds at the expense of increased sulphate consumption.
With relatively little sequence data available to correlate with the geochemical data (Table 2) , the important factors affecting SRB community structure were determined by applying principal components analysis, followed by correlation analysis, to DGGE banding patterns. We note that with the exception of the winter period, sulphate concentration and organic carbon reactivity (C org :N; δ 13 C) correlate to the same principal components (Table 2 ). In addition, in spring and summer these correlations also occurred together with a strong correlation of salinity to the particular principal component. A previous study (Porter et al., 2007) has clearly demonstrated that sulphate reduction rates are affected by organic substrate addition and changes in salinity and sulphate concentration. Based on the above correlations, it appears that these parameters are also major factors affecting the SRB community structure. One possible conclusion is that distinct SRB subcommunities which have different ranges with respect to halotolerance, sulphate uptake regulation and organic substrate utilisation are present in the Darling pans. SRB community size also correlates strongly with community structure in summer and autumn. This may be related to the previous point concerning subcommunities of SRB. Although there are no clear correlations between salinity, sulphate concentration and organic matter reactivity on the one hand and community size on the other, large community sizes may be indicative of sites where the best compromise is reached between the various environmental constraints acting on the SRB community.
Conclusion
The Darling pans are populated by a large well adapted SRB consortia carrying out high rates of sulphate reduction. Despite high stress enironment, members of the family Desulfobacteraceae, which carry out complete oxidation of organic carbon were identified. Community size and specific SRR rates measured were comparable to those found in other normal marine enviornments further suggesting that high salt concentrations may not be playing a significant role in distribution or activity of
SRBs. In fact we show that the microbial consortia show signs of stress during winter when salinities are lower. Salinity, sulphate concentration and organic carbon reactivity are important parameters at these pans, affecting both the extent of sulphate reduction and the structure of the community carrying out this process.
